Ultrafast photodoping of the Mott insulators, possessing strong correlation between electronic and magnetic degrees of freedom, holds promise for launching an ultrafast dynamics of spins which cannot be described in terms of conventional models of ultrafast magnetism. Here we study the ultrafast laser-induced dynamics of the magnetic order in a novel spin-orbit Mott insulator Sr 2 IrO 4 featuring an uncompensated pattern of antiferromagnetic spin ordering. Using the transient magneto-optical Kerr effect sensitive to the net magnetization, we reveal that photodoping by femtosecond laser pulses with photon energy above the Mott gap launches melting of the antiferromagnetic order seen as ultrafast demagnetization with a characteristic time of 300 fs followed by a sub-10-ps recovery. Nonequilibrium dynamical mean-field theory calculations based on the single-band Hubbard model confirm that ultrafast demagnetization is primarily governed by the laser-induced generation of electron-hole pairs, although the precise simulated time dependencies are rather different from the experimentally observed ones. To describe the experimental results, here we suggest a phenomenological model which is based on Onsager's formalism and accounts for the photogenerated electron-hole pairs using the concepts of holons and doublons.
I. INTRODUCTION
The manipulation of magnetic order at the fastest possible timescale is the ultimate goal of the rapidly developing area of ultrafast magnetism [1] [2] [3] [4] . The purely fundamental interest in ultrafast magnetic phenomena is strengthened by its technological relevance and potential to impact technologies for recording and processing magnetically stored information.
The field of ultrafast magnetism started with the seminal discovery of subpicosecond demagnetization in metallic Ni films after excitation with a sub-100-fs laser pulse [5] . Such a demagnetization was much faster than any interaction involving spins known at that time. Naturally, the discovery launched an intense search for relevant physical mechanisms and models which can explain the phenomenon. Despite numerous attempts, the majority of experiments on ultrafast demagnetization in metals performed in the past 20 years are still explained with the help of a phenomenological three-temperature (3T) model, in which the metal is seen as a system of three interconnected baths representing lattice, spins, and electrons, respectively [3] . According to this model, free electrons absorb laser radiation on a timescale faster than the spin-phonon interaction. This results in a sudden increase of their kinetic energy and thus an increase of the temperature to a very high value. The electron-phonon interaction leads to a consecutive increase of the temperature of the spin bath, seen as a melting of the magnetic order. Finally, interaction between hot electrons and the lattice results in their partial cooldown, and therefore a partial recovery of the magnetization. Obviously, in insulators, where electrons are not free and their kinetic energy cannot be large, such a mechanism of ultrafast laser-induced demagnetization is inefficient [6] .
Mott insulators, however, may open a different chapter in ultrafast magnetism by revealing a new mechanism of picosecond demagnetization beyond the conventional 3T model. These insulators are a special class of materials that should be metallic under conventional band theories, but are insulating due to strong on-site electron-electron repulsion. The minimal Hamiltonian which describes the physics of a Mott insulator is the Hubbard model, which includes a hopping term t and an on-site Coulomb repulsion U [7] :
Here c † iσ and c iσ are creation and annihilation operators of electrons at site i with spin σ and n iσ ¼ c † iσ c iσ is the electron occupancy at the site i. The summation hiji extends over nearest neighbors. At half filling and in the limit t ≪ U, the charge becomes localized to avoid the strong on-site repulsion, and the system is characterized by a single electron per site. The presence of localized electrons simultaneously with the insulating state implies the appearance of localized spins which have to be ordered at low temperature. Indeed, when electron repulsion is strong, the spins on adjacent sites are aligned oppositely [8] . The antiparallel spin alignment emerges similarly to the singlet state in the Heitler-London treatment if one considers the adjacent sites as those forming a covalent bond. Thus, at low temperatures in the Mott insulator the lattice sites hosting oppositely oriented spins form two interpenetrated antiferromagnetically coupled magnetic sublattices characterized by magnetizations M 1 and M 2 , such that M 1 ¼ −M 2 ; see Fig. 1 .
Optical excitation of a Mott insulator with photon energies close to the Mott gap, i.e., photodoping, induces intersite charge transfer resulting in a hole on a lattice site (a holon) and a neighboring site with two electrons (a doublon); see Fig. 1(a) . These hoppings are accompanied by intermixing of electron spins belonging to the oppositely oriented magnetic sublattices [ Fig. 1(b) ] and result in the formation of sites with zero magnetic moment (S ¼ 0), seen as melting of the antiferromagnetic order. The subsequent motion of the photoinduced doublons and holons on the lattice implies a further reduction of the magnetic correlations, which can be interpreted as a transfer of kinetic energy from the photoinduced charges to the magnetic sector. The time of the electron delocalization is defined by the hopping parameter. As this time is in the range of 10 fs, this electron-hole-driven mechanism has been predicted to be relevant for laser-driven dynamics of both long-range magnetic order [9] [10] [11] and short-range spin correlations [12, 13] in Mott insulators on the picosecond of even subpicosecond timescales. Indeed, while only a nanosecond laser-induced dynamics has been reported for charge-transfer insulators [6, 14] , recent resonant inelastic x-ray scattering experiments on a Mott insulator reveal that ultrafast photodoping leads to a subpicosecond collapse of the macroscopic magnetic order [15] .
Experimentally, the access to the magnetic order parameter in Mott insulators is hampered by the lack of a net magnetic moment in the collinear antiferromagnetic ground state. Experimental studies of ultrafast magnetism in Mott insulators are scarce, as to probe the antiferromagnetic order they require demanding experimental facilities with limited time resolution, such as free-electron lasers [15, 16] . In so-called weak ferromagnets, strong spin-orbit coupling in combination with a lack of inversion symmetry cants the otherwise collinear antiferromagnetic magnetizations, such that although jM 1 j ¼ jM 2 j, their cross product acquires a nonzero value such as M 1 × M 2 ≠ 0. This results in the emergence of a small net magnetization
The magnitude of this magnetization can be directly probed with tabletop techniques using a probe sensitive to the macroscopic magnetization, such as the linear magneto-optical Kerr effect (MOKE) [17] or superconducting quantum interference device (SQUID) magnetometry. Since the net magnetic moment is coupled to the antiferromagnetic order, such measurements serve as an effective way to probe magnetic order in antiferromagnets with strong spin-orbit coupling.
Iridates represent a novel class of 5d Mott insulators where the very opening of the insulating gap is mediated by the strong spin-orbit coupling. In Sr 2 IrO 4 , quasi-twodimensional member of this family, the elementary FIG. 1. (a) The band structure of a Mott insulator with schematics of the electronic configuration corresponding to the lower (LHB) and upper Hubbard bands (UHB). The pink arrow indicates an above the band gap optical excitation with photon having energy hν. (b) Magnetic structure of a Mott insulator subjected to the above band gap excitation. The staggered pattern of the blue and red circles denotes lattice sites hosting electrons having spins S pointing "up" or "down," thus forming two oppositely orienting magnetic sublattices characterized by magnetizations M 1 and M 2 , respectively. Pink arrows denote lightinduced hops of electrons between individual magnetic sublattices resulting in melting of the magnetic order. magnetic moments, contrary to conventional Mott insulators, but similarly to weak ferromagnets, are canted on large angle such that a net magnetic moment appear [18] . Therefore, this novel system enables prominent opportunities for tabletop magneto-optical studies of the entangled spin and charge dynamics of correlated oxides driven by ultrafast photodoping. Although magnetospectroscopic techniques were applied already to study the spectrum of magnetic excitations [19, 20] , no time-resolved transient linear magneto-optics in Sr 2 IrO 4 was demonstrated until now.
In this paper, we exploit the net magnetization of Sr 2 IrO 4 to explore ultrafast magnetism in a Mott insulator. The photodoping of Sr 2 IrO 4 by femtosecond laser pulses with photon energy above the Mott gap drives the dynamics of spins and charges. The magnetization dynamics probed by the MOKE appears to be substantially different from the charge dynamics probed by the photoinduced changes in intensity of the light reflected from the sample. Supported by the theory consideration, we argue that coupling between the net magnetization and the underlying antiferromagnetic order is present even during the out of the equilibrium photoinduced dynamics. Following this assumption, we demonstrate that ultrafast demagnetization seen in the MOKE reveals a melting of the antiferromagnetic order. The melting occurs on a characteristic time of about 300 fs and is followed by a sub-10-ps recovery. While a temperature increase hardly affects the reflectivity dynamics, it results in a significant slowing-down of the dynamics of the magneto-optical signal.
To analyze the mechanism for the ultrafast melting in a spin-orbit Mott insulator, we perform nonequilibrium dynamical mean-field theory (DMFT) simulations of the laser-induced dynamics for the case of a minimalistic oneband Hubbard model with the parameters deduced from the electronic structure of Sr 2 IrO 4 . While this model is clearly too simplistic to account for all experimental time dependencies, the simulations clearly reveal a subpicosecond melting of the magnetic order. They confirm that the mechanism of electron-hole-driven melting of antiferromagnetism, which has been predicted in simple Mott insulators [12, 13] , can also account for the early stage of the demagnetizations in a spin-orbit coupled Mott insulator. The remaining discrepancies call for more complex DMFT calculations that are technically very challenging if not impossible. To describe the experimental data, therefore, we also propose a novel phenomenological approach which is based on Onsager's formalism and accounts for the role of the photogenerated electron-hole pairs using the concepts of holons and doublons. In the model, the ultrafast demagnetization is primarily governed by the impact photoionization process. It results in an excess amount of the holons and doublons leading to ultrafast loss of magnetic order. The recovery dynamics is a result of the relaxation of the magnetic system into the state corresponding to thermodynamic equilibrium and thus predominantly defined by the dependence of the free energy on magnetization.
The paper is organized as follows. In Sec. II, we consider a spin-orbital Hamiltonian, which has recently been suggested to describe Sr 2 IrO 4 and analytically show that within this Hamiltonian the canted magnetic order as it is present in Sr 2 IrO 4 can be effectively mapped onto the collinear order inherent to a regular Mott state. Here we also theoretically argue why the ferromagnetic and antiferromagnetic order parameters remain coupled during outof-equilibrium photoinduced dynamics. In Secs. III and IV, we present extensive structural, magnetic, and magnetooptical characterizations of Sr 2 IrO 4 thin films. In Sec. V, we investigate the ultrafast dynamics of the MOKE and reflectivity triggered by an ultrashort pulse of visible light and compare experimental results with the nonequilibrium DMFT simulations. In Sec. VI, we present the results of the modeling of the ultrafast dynamics using Onsager's formalism. Finally, we summarize the results in Sec. VII.
II. MAPPING OF THE J eff = 1=2 HUBBARD MODEL TO THE REGULAR HUBBARD MODEL
The recent theoretical and experimental results confirm that magnetism of Sr 2 IrO 4 is determined by the effective total angular momentum J eff ¼ 1=2 rather than solely by the spin magnetic moment S ¼ 1=2 [21, 22] . The elementary magnetic moments of iridium ions are aligned in a staggered pattern such that it is possible to allocate two interpenetrating magnetic sublattices denoted "1" and "2". The strong spin-orbit coupling mutually cants the moments situated on neighboring lattice sites on an angle 2θ. The resulting magnetic texture is shown in Fig. 2 nonzero net moment within a single IrO 2 plane. The presented texture due to the canting contrasts with the one described by the Hamiltonian Eq. (1) and depicted in Fig. 1(b) . Below we analytically show that this texture can be effectively reduced to a regular collinear antiferromagnetic texture inherent to the Hubbard model. A single-band Hubbard model for effective total angular momentum J eff ¼ 1=2 was proposed recently to illustrate the low-energy physics in Sr 2 IrO 4 [23] . In addition to a renormalized Coulomb repulsion U eff , the model includes nearest-neighbor hopping on a square bipartite lattice with a spin-dependent phase ϕ ij ðσ; θÞ due to the spin-orbit coupling. Here we consider such a Hamiltonian in the presence of a spatially uniform time-dependent electric field:
Here,t stands for an effective hopping term. The Peierls substitution [24] with the phase factor ψ ij ðτÞ is used to account for the electric field which changes its value with time τ. The Peierls phase is given by ψ ij ðτÞ¼−qAðτÞ·ðr i −r j Þ, where q is the elementary charge and r i is a coordinate vector of the electron. The phase ϕ ij is defined as ϕ ij ðσ; θÞ ¼ 2ζ i θσ. The structure factor ζ i defines the magnetic texture. It takes a staggered pattern in this model, so that ζ i ¼ þ1 if i belongs to sublattice 1 of the bipartite square lattice and −1 for the sublattice 2. Consider a unitary transformation:
Under this local rotation we have renormalization of creation and anihilitation operators; e.g.,
The transformed HamiltonianH reads:
It is seen that through a local basis rotation R the Hamiltonian Eq. (2) can be mapped to a regular Hubbard Hamiltonian Eq. (1) with spin-independent hopping, i.e., without spin-orbit coupling and with compensated collinear antiferromagnetic order. Note that this is only possible if the provided magnetic texture results in zero total phase change as the electron hops around a closed loop, such as a staggered pattern in Sr 2 IrO 4 [see Fig. 2 (a)]. The Cartesian components of the effective angular moment can be defined as
Here, σ μ αβ are components of Pauli matrices and μ ¼ x; y; z. Specifically, the in-plane x and y components read:
The magnetic components under the unitary transformation experience rotation with respect to the z direction, such that components of the transformed angular momentumJ eff are given by
This relation holds for any time τ becausẽ J μ eff ðτÞ ¼ RJ μ eff ðτÞR † . The latter can be seen from the fact thatJ μ eff ðτÞ and RJ μ eff ðτÞR † are equal in equilibrium (τ < 0) and satisfy the same Heisenberg equation of motion:
In general, one can assume that collinear spin moments J eff;i align in the y direction in the transformed system so that hJ x eff;i ðτÞi ¼ 0 and hJ y eff;i ðτÞi ¼ ζ i JðτÞ with magnitude JðτÞ. Solving Eq. (6) yields hJ x eff;i ðτÞi ¼ JðτÞ sin θ and hJ y eff;i ðτÞi ¼ ζ i JðτÞ cos θ. Thus the canting angle θ remains intact within the course of dynamics triggered by the external electric field. This remains valid as long as the geometrical structure of the hopping matrix elements is such that electron hopping around a closed loop acquires zero phase change; i.e., the unitary transformation R is possible. As photoexcitation of Mott-Hubbard systems is primarily governed by photoinduced charge transfer which leaves the geometrical structure unaffected, we assume that the canting angle 2θ between adjacent antiferromagnetic sublattices remains constant even during the course of photodoping. Hence, the net magnetization which originates from the canting can serve as a direct measure of the underlying antiferromagnetic order even out of the equilibrium.
III. STRUCTURAL CHARACTERIZATION OF THE SAMPLE
Sr 2 IrO 4 thin films were deposited on commercially available TiO 2 -terminated (001) SrTiO 3 (STO) substrates (CrysTec GmbH) by pulsed laser deposition using a KrF excimer laser (248 nm). The substrate was mounted with two clamps and heated by an infrared laser to 920°C, as measured with an optical pyrometer. A laser fluence of 1.1 J=cm 2 and an oxygen partial pressure of 0.6 mbar were used. The growth was monitored by in situ reflection high-energy electron diffraction (RHEED). To prevent degradation, the film was capped with 10 unit cells (u.c.) of STO deposited at 600°C under the same fluence and oxygen partial pressure. After growth, the sample was annealed for 1 h at 600°C in 300mbar O 2 to compensate for possible oxygen deficiency. Figure 3 (a) shows the RHEED intensity of the specular spot during the Sr 2 IrO 4 growth. The persistent intensity oscillations indicate a layer-by-layer growth mode, which enabled us to precisely control the thickness of the film to 45 u.c. An atomic force microscopy image of the surface of an uncapped Sr 2 IrO 4 film shows a step-and-terrace structure, confirming the layer-by-layer growth mode and showing that the surface is atomically smooth [see Fig. 3 (b)]. The crystal structure of the 45-u.c. film was studied by x-ray diffraction. Figure 3 (c) shows a 2θ − ω measurement, showing that no other crystalline phases are present. The clear finite size oscillations and the small full width at half maximum (0.024°) of the rocking curve (see inset) evidence long-range crystalline order. Figure 3(d) shows the Sr 2 IrO 4 (0012) reflection together with a simulation of the diffracted intensity for a thickness of 45 u.c. and a c-axis parameter of 25.66 Å. The thickness is in good agreement with the thickness determined by RHEED. The c axis is slightly smaller than that of bulk Sr 2 IrO 4 (25.79 Å), which results from the tensile strain (−0.7% lattice mismatch) from the STO substrate. Additionally, reciprocal space maps (not shown here) show that the film is coherently strained to the substrate.
IV. MAGNETIC AND MAGNETO-OPTICAL CHARACTERIZATION OF THE SAMPLE
The complex magnetic structure of Sr 2 IrO 4 can be effectively reduced to a pair of interpenetrating antiferromagnetic sublattices, characterized by the magnetizations M 1 and M 2 . The magnetizations are oriented in the (001) plane such that they are not exactly antiparallel but canted by some angle θ. The value of the net magnetic moment was determined measuring the net magnetization M employing a SQUID magnetometer. Figure 4 (b) shows the temperature dependence of the magnetic moment while cooling in a magnetic field of 50 mT applied in the film plane. At a temperature of 100 K, the magnetic moment in the film plane was measured to be 30 × 10 −3 μ B per Ir atom, in good agreement with Refs. [25, 26] . The temperature dependence indicates a Néel temperature T N ∼ 190 K, which is slightly lower than the T N ¼ 240 K of bulk Sr 2 IrO 4 [27] . We attribute the reduction of T N to the epitaxial strain supplied by the substrate, which modifies octahedral rotation angles and hence affects the strength of the magnetic order in the thin film limit. Effects of the strain on the Néel temperature of Sr 2 IrO 4 were discussed earlier in Refs. [26, 28] . The magnetic hysteresis loops were measured after cooling in 0.5 T, as exemplified in Fig. 4(c) . Contrary to measurements on bulk Sr 2 IrO 4 , we observed no sign of a metamagnetic phase transition, as reported in Refs. [27, 29] . We note that measurements with a magnetic field applied along the sample normal reveal no out-ofplane magnetization component. For static magneto-optical characterization, we employed longitudinal MOKE [17] in the configuration shown in Fig. 4(a) . Linearly polarized light at a wavelength of 400 nm was incident on the sample at an angle close to 30°with respect to the sample normal. The MOKE results in a rotation θ K of the polarization plane of the reflected light, such that θ K ∝ ðk; MÞ. Here, k is a unit vector along the propagation direction and M is the net magnetization. The changes in the polarization of the reflected light were measured using a Wollaston prism, which splits light into two orthogonally polarized components. The difference in intensity of these two beams proportional to the polarization rotation was measured with the help of a pair of balanced photodiodes. The probe wavelength of 400 nm corresponds to a photon energy of 3.1 eV and matches the charge-transfer transition from O 2p to Ir 5d orbitals [see Fig. 5(a) ]. This transition is a genuine absorption feature of many transition-metal oxides and is responsible for their magneto-optical effects [30] [31] [32] . Magnetic fields up to 0.5 T were produced by a conventional electromagnet and the sample temperature was varied in a continuous flow cryostat. The rotation obtained as a function of the magnetic field is depicted in Fig. 4(c) , which shows a clear hysteretic response. The value of the Kerr rotation is substantial, reaching nearly 30 mdeg at low temperature. Such a strong magneto-optical response can be attributed to the large value of the spin-orbit coupling. Figure 4(b) shows that the MOKE rotation vanishes for temperatures above 190 K, agreeing well with the Néel temperature T N obtained from SQUID measurements.
V. ULTRAFAST PHOTODOPING OF Sr 2 IrO 4 THIN FILMS
The net magnetization of Sr 2 IrO 4 in combination with the substantial value of the MOKE rotation offers unique opportunity to explore ultrafast magnetism in a Mott insulator by photodoping.
For the experiment we employed a Ti:sapphire amplified laser system (Spectra-Physics, Spitfire), producing pulses at a central wavelength of 800 nm (1.55 eV) and operating at 1-kHz repetition rate. The pump was focused under normal incidence onto a spot with a full width at half maximum of nearly 800 μm. The duration of the pump pulse measured just before the sample was nearly 60 fs. As shown in Fig. 5(a) , the photons at the pump energy excite electrons from the occupied J eff ¼ 3=2 and J eff ¼ 1=2 bands to the unoccupied J eff ¼ 1=2 band [28, 33, 34] . The probe pulse having a central wavelength of 400 nm was generated using 0.5 mm of a nonlinear β-barium-borate crystal as the second harmonic of the seeding pulse. The duration of the probe pulse was 80 fs, as estimated by the method described in Ref. [35] . Both the pump and probe beams were focused on the same spot and the required time resolution was obtained by varying the optical path length for one of the beams with the help of a precision mechanical delay line. The angle of incidence of the probe beam was chosen to be the same as the one employed for the static MOKE. In order to satisfy pulse-to-pulse repeatability of the stroboscopic measurements, an external magnetic field at a value slightly surpassing the coercive field [for the values, see Fig. 4(d) ] was applied in the sample plane. In the experiment, the transient dynamics of the MOKE signal Δθ K and the reflectivity ΔR of the probe pulse were detected simultaneously. Figure 5(b) shows transient time-resolved dynamics of the pump-induced rotation of the polarization plane of the probe pulse Δθ K together with the transient dynamics of the reflectivity ΔR. The pump pulse initiates fast changes in both signals on a subpicosecond timescale. As the penetration depth of the probe pulse is around 70 nm [33] , which is significantly smaller than the thickness of the film, the transient dynamics originates solely from the pumpinduced changes in the film and not from the substrate. The rotation dynamics is predominantly an odd function of the applied field while the reflectivity shows no sensitivity on the sign of the magnetic field. To separate Δθ K from other phenomena of nonmagnetic origin which also may result in a rotation of the polarization plane (e.g., photoinduced birefringence), we calculated the difference of the polarization rotation measured at two magnetic fields of opposite polarities. Thus, the sudden change in Δθ K can be attributed to the ultrafast loss of the magnetization, i.e., demagnetization. The ultrafast dynamics seen in the ΔR signal can be attributed to the dynamics of the photoinduced carriers: holons and doublons. The fact that the magnetization dynamics is slower than the carrier dynamics and duration of the pump pulse itself indicates the irrelevance of an instantaneous light-induced transfer of angular momentum, originating from optical transitions between spin-orbital states with J eff ¼ 3=2 and J eff ¼ 1=2 [36, 37] . The observed dynamics can be attributed rather to photodoping of the upper (UHB) and the lower Hubbard bands (LHB), similar to experiments reported in Refs. [15, 16, [38] [39] [40] [41] . Here we assume that the observed ultrafast demagnetization reveals the dynamics of the melting of the underlying antiferromagnetic order. The assumption is theoretically discussed in Sec. II and experimentally supported by the fact that Δθ K similarly to θ K shows critical temperature behavior approaching T N ; see inset in Fig. 5(e) . As shown in Fig. 5(c) , the time required to melt magnetic order is consistently longer than the one seen in the transient reflectivity. Moreover, it displays a pronounced upturn in the vicinity of the Néel temperature, while the decay time in the reflectivity channel shows no visible temperature dependence. The melting time far from T N is 0.34 AE 0.06 ps and nearly matches the upper estimate of the decay time of the 3D magnetic order, implying a destruction of the intra-and interplane magnetic correlations, as reported in Ref. [15] .
Interestingly, the demagnetization as a function of the pump intensity reveals a threshold fluence F th ¼ 40 μJ=cm 2 [ Fig. 5(d) ], which corresponds to the absorption of nearly 10 −3 photons per Ir atom. The threshold fluence can be caused by localization of small concentrations of the holondoublon pairs due to polaronic effects [41] . The absolute values of the demagnetization Δθ K =θ K do not show any pronounced temperature dependence [see Fig. 5(e) ]. All the measurements reported here were done in the regime where the pump-induced signal scales linearly with the pump fluence, as is shown in Fig. 5(d) .
The nonequilibrium DMFT was shown to be rewarding in describing an early stage in the evolution of the antiferromagnetic order after the ultrafast photodoping [11] . To simulate the photoinduced dynamics in Sr 2 IrO 4 , we exploit the fact that the Hamiltonian Eq. (2) can be unambiguously mapped to a regular Hubbard Hamiltonian Eq. (1), and for this reason we consider a minimal one-band Hubbard model on a Bethe lattice using the nonequilibrium DMFT approach. In the effective model, we pick up the parameters U ¼ 0. duration approximately equal to 60 fs, to simulate the photoexcitation in the experiment. Figure 6(a) shows that the action of the electric pulse leads to the nearly instantaneous emergence of long-living population of the holons and doublons having concentration n. In agreement with the experiment, the DMFT simulations demonstrate nearly exponential dynamics of the magnetic melting with a substantial slowing-down in the vicinity of the T N ; see Figs. 6(b) and 6(c). Despite the qualitative similarities, it can be seen that the course of the demagnetization in our experiment proceeds on significantly longer time; for comparison, see Figs. 6(c) and 5(c). Moreover, although the simulations suggest large enhancement of the degree of the melting when the temperature approaches T N [see Fig. 6(b) ], the experiment shows that the demagnetization amplitude is weakly sensitive to the temperature [see Fig. 5(e) ].
Our experiment shows that every photon on average results in the destruction of nearly five magnetic moments. This implies that every photon contributes to multiple hopping processes. In our experiment, the initial photoexcited states have a large excess energy as the pump photon energy is much larger than the Mott gap. This might lead to the excitation of other carriers in the J eff ¼ 3=2 band via the impact ionization that subsequently contributes to the changes in reflectivity and magnetization [42, 43] . Hence, the decay times seen in our experiment are associated with higher-order scattering processes and can thus be related to the average time necessary to accomplish the processes of the impact ionization. Naturally, these times can be significantly longer than the fast times seen in the DMFT simulations considering the effect of only one band.
Overall, the nonequilibrium DMFT simulations confirm the leading role of photogenerated electron-hole pairs in the subpicosecond melting of the magnetic order, but they cannot reproduce the experimentally observed dependencies even qualitatively. This discrepancy calls for even more complex DMFT calculations that are technically very challenging and thus call for exemplified phenomenological models. Figure 7(a) shows the time-resolved dynamics of the Kerr rotation on a longer timescale. From these data it can be seen that the subpicosecond magnetization quench is followed by a slower recovery. The recovery dynamics reveals two relaxation times: the fast recovery happens on a sub-10-ps timescale and restores the major part of the magnetization, while on longer timescales a further slow remagnetization finalizes the recovery process. We attribute the latter to the diffusion of excess heat from the irradiated area [44] . To study the origin of the first relaxation process, we measured the time-resolved dynamics of the magnetization at different temperatures [see Fig. 7(b) ]. Even though the decay of magnetic order and electronic perturbation happen on similar timescales, their recovery times at elevated temperatures are markedly different [see Fig. 7(c) ]. The recovery dynamics of the magnetization shows a pronounced slowing-down in the vicinity of the Néel temperature, whereas the relaxation observed in the reflectivity signal remains nearly temperature independent. Only at low temperatures the time required for the magnetization to recover starts to approach the recovery time seen in the reflectivity signal. In Ref. [15] it was demonstrated that the recovery of the charge and in-plane magnetic order proceed on a similar timescale. Our work demonstrates that this is true only when the system is far from the magnetic phase transition. The magnetization recovery time peaks nearly at 175 K, i.e., slightly below T N ¼ 190 K [see Fig. 7(c) ]. It suggests that, upon completion of the ultrafast demagnetization, the temperature of the laser-excited spot is about 15 K above the surrounding heat bath. As the experiment is performed at low repetition rate and applied fluences are low, a steady-state temperature increase via cumulative laser heating can be excluded. A similar temperature shift of the relaxation anomaly to temperatures lower than the Néel point was reported in Ref. [45] where it was attributed to fast equilibration of the spin and lattice degrees of freedom. The short time, seen in our experiment, can be related to the enhanced strength of the spin-orbit coupling in Sr 2 IrO 4 .
VI. PHENOMENOLOGICAL DESCRIPTION OF THE ULTRAFAST DYNAMICS USING ONSAGER'S FORMALISM
To account for the dynamics caused by the impact ionization in the DMFT simulations, a model that includes multiple bands with different bandwidth has to be considered. Such a task represents technically a very complex computational problem. In contrast, the phenomenological models, although being an oversimplified description of physical processes, usually are easily solvable and allow one to highlight underlying physical mechanisms. Here we suggest a phenomenological model based on Onsager's formalism [46] , which describes the nonequilibrium dynamics of a Mott insulator and effectively accounts for the impact ionization processes.
The spontaneous magnetization in a weak ferromagnet is given by the expression
where l stands for the concentration of magnetic moments, J eff ¼ J eff;1 þ J eff;2 is the net magnetic moment for each pair of magnetic ions, and g J is the Landé factor. From here on we use for denomination of the J eff a shortening, J. Previously, models of experimental studies of ultrafast magnetism, such as atomistic spin dynamics simulations and the 3T model, assumed l to be given by the concentration of magnetic ions and to be constant. Furthermore, the decay of the magnetic moment is to be solely governed by the disorder of the local moments with respect to the collinear ground state [5] . Therefore, in such a case the magnetization dynamics is solely driven by the dynamics of J. For a magnet brought out of equilibrium the value of the net magnetic moment J changes only as a result of the interactions between microscopic spins as described phenomenologically by the dependence of the free energy on magnetization [47] . In the Mott insulators, the concentration of magnetic moments is tightly related to their onsite localization. Photodoping causes delocalization of the electrons and subsequent transfer of the magnetic moment between the magnetic sublattices, accompanied by a depletion of the magnetic moments in the volume. This implies that in Mott insulators with weak ferromagnetism, contrary to conventional magnets, the variation of M is given not only by a variation of J but also by l, such that for small values of Δl and ΔJ, it reads:
If n denotes the concentration of the pairs, then the reduction in the concentration of the localized moments is given by
The Onsager equations for a nonequilibrium concentration of the holons and doublons n and uncompensated magnetic moment J read:
Here, the constants η n and η m are phenomenological parameters describing the relaxation of the photoinduced carriers and the magnetic moments in time τ, respectively. The phenomenological form of the free energy F is chosen as
where the first term describes the excess energy of the holons and doublons. The second term stands for the magnetic potential in the form of Landau's expansion [see Fig. 8(a) ]. J 0 is the equilibrium value of the net moment for a given temperature and n ¼ 0. The third term phenomenologically describes the coupling between the photoexcited quasiparticles and the magnetic moments. The last term describes the excitation of the quasiparticles by a light pulse having a Gaussian time profile fðτÞ ¼ f 0 e −τ 2 =2τ 2 p , where f 0 is a quantity proportional to the laser fluence and τ p is the duration of the excitation pulse. α, β, and γ are phenomenological parameters. The combination of these parameters with η n and η m gives experimentally measured values, such as decay and recovery times. In Eq. (12) the terms containing spatial gradients of the net moment J are intentionally omitted, as the area excited and probed in the experiment is significantly larger than the length scale of the magnetic inhomogeneity. The latter originates from the emergence of the holons which represent dangling exchange bonds and are expected to not exceed a couple of intersite distances.
The presence of the nonequilibrium concentration of the holons and doublons results not only in a depletion of the number of localized magnetic moments, but also in a reduction of the net moment according to
The coupled equations Eq. (11) enable us to analyze the relaxation dynamics of both the carriers and the net magnetic moment. To simplify the problem we neglect an action of the magnetic moments on dynamics of the quasiparticles and consider only the influence of the photocarriers on J. Accounting for the inverse effect does not significantly alter the results. In this approximation, one obtains
where τ c ¼ ðαη n Þ −1 defines the decay time of the photoexcited carriers and FðτÞ ¼ η n fðτÞ. The solution of Eq. (14) is given by
From this it follows that the holons and doublons are produced by the Gaussian-shaped light pulse within a characteristic time τ p and relax back to equilibrium exponentially, with the time τ c , which we attribute to the recovery time seen in transient reflectivity.
After substituting the solution Eq. (15) in the relaxation equation for the net moment, one obtains
where τ 0 ¼ ðβη m Þ −1 . Since in the experiment ΔM ≪ M 0 , Eq. (16) can be linearized. Introducing j ¼ ΔJ=J 0 , it reads:
where τ m ¼ τ 0 =2J 2 0 is related to the recovery of the magnetic order and, being proportional to β −1 , is defined purely by the magnetic potential. As the concentration of the photoexcited carriers stands in the right-hand side of Eq. (17), it implies that the decay of the net moment occurs not only during the emergence of the carriers but all along the relaxation, in agreement with Ref. [9] . As in the experiment τ m > τ c > τ p , the solution of Eq. (17) for τ ≫ ðτ c ; τ p Þ is given by
Here, n 0 ≅ η n f 0 τ p denotes the initial concentration of the nonequilibrium carriers. It is visible that the recovery time of the net moment is defined by the value of τ m , which is inversely proportional to the value of the static magnetization M −2 0 ðTÞ. This result agrees well with the phenomenological Landau-Khalatnikov theory describing relaxation of an order parameter in the vicinity of a second-order phase transition [48] .
To account for the impact ionization caused by the multiparticle scattering, the actual duration of the pump pulse was substituted with the lengthened effective value having the duration of τ p ¼ 0.25 ps. The decay time of the carriers was set to the value close to the one seen in the reflectivity signal τ c ¼ 0.8 ps. Figure 8(b) shows the magnetization dynamics given by the solutions of Eqs. (14) and (17), using Eqs. (9) and (10) . The other two values necessary for the simulations, η n f 0 ¼ 0.056 and γη m ¼ 2, were selected empirically to provide a good match with the experiment. As is seen from Fig. 8(b) , overall good qualitative agreement between the experiment and the simulation is achieved. Figure 8(c) shows a comparison of the temperature dependencies for the experimentally determined recovery times and the M −2 0 ðTÞ values determined from the static MOKE measurements. Both follow a similar trend and diverge upon approaching the Néel temperature, which indicates that the recovery dynamics originates from interactions between microscopic magnetic moments as described phenomenologically by the dependence of the second term in the free-energy expression, Eq. (12), on the value of the net magnetic moment J. To discriminate between the impacts of the additive terms in Eq. (9) on the magnetization dynamics depicted in Fig. 8(b) , we have plotted individual constituent parts. The normalized dynamics of the net magnetic moment is plotted in Fig. 8(d) and the normalized variation in concentration of the localized moments in Fig. 8(e) . Similarly to the DMFT results, decay of the net magnetic moment j demonstrates critical slowing-down in the vicinity of the Néel temperature. Slowing-down of the demagnetization time in the vicinity of the magnetic phase transition was observed in experiments on the iron-group transition-metal ferrimagnetic and ferromagnetic oxides [45, [49] [50] [51] , where the density of localized moments is fixed and ΔM is indeed proportional to ΔJ. We note that both of these features are not seen in our experiment. This again highlights that description of the observed magnetization dynamics only in terms of the net magnetic moment J is insufficient. One can see that the light-induced variation in the concentration of the localized moments, presented in Fig. 8(e) , is temperature independent and describes well the dynamics of the magnetization on a subpicosecond timescale. This underlines the role of delocalization effects in the ultrafast demagnetization observed in Mott insulators. Moreover, one can see that the fraction of the photodestructed moments is on the order of 1%, which is significantly larger than the number of incident photons. This points out that in our experiment the delocalization is primarily dominated by the multiple carrier generation via the process of impact ionization.
VII. CONCLUSIONS
Here, using the tabletop magneto-optical Kerr effect, we studied with high temporal resolution ultrafast spin and charge dynamics of the novel spin-orbit Mott insulator Sr 2 IrO 4 having a net magnetic moment. We have shown that photodoping of Sr 2 IrO 4 thin films by femtosecond laser pulses with photon energy well above the Mott gap drives an ultrafast response of both electronic and magnetic states. The magnetization dynamics probed by the MOKE appear to be substantially different from the charge dynamics probed by the photoinduced reflectivity. The Kerr effect reveals a melting of the antiferromagnetic order seen as ultrafast loss of the net magnetization occurring on a characteristic time of about 300 fs and followed by a sub-10-ps recovery. At low temperature, the recovery of the reflectivity and the magneto-optical Kerr signal occur simultaneously. A temperature increase hardly affects the reflectivity dynamics, but results in a significant slowingdown of the dynamics of the magneto-optical signal. Supported by DMFT simulations and a phenomenological theory based on Onsager's formalism, we suggest that such long time of the ultrafast melting is primarily attributed to the gradual emergence of an excess amount of the holons and doublons in the course of the impact ionization. The picosecond magnetization recovery dynamics is a result of the relaxation of the magnetic system into the state corresponding to thermodynamic equilibrium and thus predominantly defined by the dependence of the magnetic potential on magnetization. All together, our work suggests a high potential of the tabletop magneto-optical setups for studying magnetic interactions in correlated electronic systems. Exploring the dependence of the magnetic correlations in the Mott systems to the wavelength of the pump excitation, resonant lattice, magnetic perturbation, etc., has not only considerable interest for experimental research but also a potential stimulus for further development of multiband DMFT and effective phenomenological models. 
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